Abstract-This paper attempts to develop new structures for the higher order fuzzy logic control (FLC) systems, which could handle the higher order process and the time-delay system as well. Two different approaches are proposed to construct the higher order FLC, namely, the hierarchical structure and the distributed structure. Both structures can be designed via the theory of variable structure control (VSC). The complexity of the structure depends on the order of the process. The necessary and sufficient stability condition provided by the VSC theory facilitates the design of the nominal scaling gains. The difficulty of the design is to estimate the upper bound of the undesirable dynamics. Practically, this upper bound can be approximated by the peak value of the undesirable dynamics in the steadystate period. The simulation shows that this approximation is feasible and nominal scaling gains designed can lead to a stable and reasonably good performance. The fine tuning can be more easily carried out to provide a better performance from these nominal values instead of from scratch. The proposed higher order structure can also be used to control the time-delayed process if the delay time is known. The structure configuration depends on the approximation of the delay compensation factor. A first-order approximation is usually accurate enough when the delay is not very long. A partially known delay will result in either overcompensation or undercompensation. The overcompensation seems better than the undercompensation due to the former contribution to the PID effects. The simulation shows the effectiveness of the proposed structure to both the higher order process and the time-delay system.
Higher Order Fuzzy Control Structure for
Higher Order or Time-Delay Systems
I. INTRODUCTION
T HE idea of fuzzy logic control (FLC) was originally introduced [20] and applied in an attempt [15] to control systems that are structurally difficult to model. Since then, FLC has been an extremely active and fruitful research area with many industrial applications reported [8] . The structure of fuzzy system can be classified according to different applications [17] . One of the most popular applications is to use a fuzzy system to control the process directly. This application competes with the classical controller like the PID controller. Despite the fact that FLC has achieved a wide recognition in industrial applications, there are many fundamental problems Manuscript received December 16, 1997 ; revised May 18, 1999 . This work was supported in part under RGC Grant (9 040 374) from the Hong Kong government and under SRG Grant (7 000 874) from City University of Hong Hong.
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Publisher Item Identifier S 1063-6706(99) 08264-8. still unsolved. Two problems listed below even fail to find general solutions in the classical control [4] .
• How can FLC be designed to deal with the higher order process? • How can FLC be designed to deal with time delays satisfactorily? The conventional structure of FLC is good for controlling a lower order process, but often fails to handle a process with order higher than two because of its low-dimensional rule base. There are relatively few attempts to design FLC that could deal with higher order system dynamics [3] , [9] . It is also difficult to justify the previous studies without applying a proper mathematical model of FLC. Time delays often occur due to the presence of distance lags, recycling loops, or the dead time associated with composition analysis. The delay will deteriorate the performance of the control system and may cause instability. Extensive research has already been done in the conventional control to find solutions [5] , [10] . However, few studies [2] , [7] have been reported to treat the problem of delays in the context of fuzzy control.
Solutions for the above two problems require two steps of research work. A proper control architecture or configuration should be designed first. Then, stability analysis and systematic design for the control parameters can be carried out.
This paper aims to develop a proper control structure for FLC to handle both higher order processes and time-delay systems. The background of the methodology is based on the hybrid design approach [13] and mathematical model developed recently [12] , [14] , [18] . A two-dimensional (2-D) rule base is used at high level to provide a qualitative control strategy that is understandable by human being. Two different gain structures: 1) hierarchical and 2) distributed, are proposed at low level to deal with the higher order feature of the process quantitatively. Stability analysis and design can be done using the theory of variable-structure control (VSC) [6] , [16] . Given the upper bound of the undesirable dynamics, the nominal scaling gains can be approximately calculated via the stability condition. Practically, the difficult estimation of the upper bound of the undesirable dynamics can be approximated by estimating its peak value during the steady-state period. The nominal gains designed with this approximation can still provide a stable and reasonable performance. Fine adjustment of the scaling gains can be carried out from the nominal values instead of from scratch. Due to the higher order nature of the time-delay process, the proposed higher order structure is also suitable for the delay compensation with any known delay. The structure configuration depends on the approximation of the delay compensation factor. A first-order approximation is usually accurate enough when the delay is not very long. As the delay time required for compensation is often known approximately, the system may be designed to give either overcompensation or undercompensation. The theoretical analysis and simulation show that overcompensation seems better than undercompensation. The simulation in this paper demonstrates the effectiveness of the proposed structure for both the higher order process and the time-delay system.
II. DESIGN OF LOWER ORDER FUZZY CONTROL SYSTEM
The fuzzy two-term control system, shown in Fig. 1 , employs a 2-D rule base. Since only two state variables and of the process are used, it is a low-order controller. As the difficulty of design mainly comes from the coupling of parameters in the knowledge base, therefore, the FLC design can follow the hybrid design methodology integrating both qualitative and quantitative approaches as shown in Fig. 2 . Two separate stages are suggested for design and tuning. The nominal design is a top-down approach starting from the qualitative level (higher level) to the quantitative level (lower level). It intends to find out the nominal model of FLC, i.e., the initial parameters of FLC. If the nominal model is not satisfactory, the fine tuning can be used to explore the fine parameters of FLC, through a bottom-up approach that continues learning from the nominal model.
The nominal model of FLC includes the nominal rule base, which should be designed qualitatively, the nominal membership functions (MF's), and the nominal scaling gains, which should be designed quantitatively. The qualitatively designed nominal rule base [11] is often a linear 2-D rule base as shown in Fig. 3 where two inputs are error position and its change rate . For simplicity, the nominal MF's can be chosen as triangular in shape. After determining the nominal rule base and MF's, all the design loads are shifted to the scaling gains that can be handled with the use of various quantitative methods. Properly designed scaling gains are very critical to the nominal performance of FLC. The quantitative approach usually requires the mathematical model of the rule base, which has been presented in earlier studies [12] , [18] . The linear rule base can be divided into many IC's as shown in Fig. 3 . The mathematical model of a 2-D rule base can be derived from one of IC's as below [12] : the rule base output: the fuzzy-PD control output: the fuzzy PI control output:
(1) where 1) the inference method is based on the max-min method; the membership functions of triangular shape are equally spread; defuzzification is based on the center-of-gravity method; 2)
is the first-order switching function with the same sign as , i.e., . 3) and are scaling gains for input and , and is the input gain ratio. is the output scaling gain.
is the integral operator ; 4)
is a nonlinear time-varying parameter as developed in [12] ; 5) are half of the spread of each input and output triangular MF, respectively ; 6) is an index number depending on the inference cell under use; the larger the value, the farther away the state is from the switching surface in the phase plane. After modeling, various quantitative approaches could be applied to design the nominal scaling gains [12] , [18] . However, there is still no systematic way for fine tuning of the scaling gains.
III. DESIGN OF HIGHER ORDER FUZZY CONTROL SYSTEM
The hybrid design methodology [13] developed for the conventional FLC can also be applied to the higher order FLC. According to the hybrid design methodology, the nominal rule base should be determined first using qualitative approaches. The higher the process order is, the larger the number of state variables should be used for the controller for a flexible design. This usually requires a high-dimensional rule base, behaving as state-variable control in terms of using multiple state variables. However, high-dimensional rule base is difficult to implement and requires large computation time. Modification is needed to build a higher order FLC using a low-dimensional rule base.
Practically, the trend of the process response can be described qualitatively in terms of two dominant states (position, velocity), which will approach equilibrium states if the process is stable. Then a 2-D rule base can be utilized for constructing the qualitative mechanism of the higher order FLC, and leave the quantitative mechanism for the structure of the scaling gains. Either the hierarchical structure from the VSC theory [6] , [16] , or the distributed structure from the idea of pole-zero compensation [1] , can be used to construct the quantitative mechanism for the higher order FLC. After the modeling of these structures, the VSC theory can be applied to design the nominal gains based on the stability condition.
A. A Higher Order FLC in Hierarchical Structure
A higher order FLC can be constructed directly through applying the VSC theory. According to the definition of the switching function [16] , an th-order process needs an th-order switching function , which requires an -dimensional rule base. On the other hand, an thorder switching function can be constructed hierarchically as (2) For simplicity, is set in the following derivation. Then the th-order switching function takes on a simpler format [16] (3)
where The hierarchical th-order FLC can be constructed with a 2-D rule base as shown in Fig. 4 . It is obvious that the model of the 2-D rule base should be a linear rule base to form an th-order switching function given in (2) . This linear rule base is similar to that in Fig. 3 with two input variables as the th-order state and its change rate on the 2-D plane. Since the mathematical model of the 2-D linear rule base has been derived in (1) , the model of the higher order FLC can be expressed as (4) where 1) parameters , , , , , and are defined in (1); 2) is the -dimensional switching function defined in (3) with the same sign as the output , i.e., . It is apparent that • if there is one level , it is a fuzzy-PD control; • if there are levels , an th-order FLC results. Since is the th-order switching function, the features of VSC can be easily seen if (4) is transformed to (5) , in which the first item behaves as the relay and the second item as the switching control (5) Similarly, as the conventional FLC [12] , the hierarchical structure in (5) can also be imaged as a nonlinear VSC at each layer on the th-order 2-D plane. Each layer has the width where the control structure changes. The sliding surface locates on the central layer with as shown in Fig. 5 .
Necessary Condition for Stability
According to the theory of VSC [6] , [16] , the necessary condition for the VSC-type system to be stable is to have a switching surface , in which the coefficients are all positive.
Sufficient Condition for Stability
Consider a general th-order process in (6) (6) where is the process state, is the control variable, and is the process gain. The command signal is assumed to be , and the error signal is . A Lyapunov function for this system can be chosen as
The sufficient condition for stability is given in (7). (7) The derivative of (3) becomes (8) where (9) and is assumed to be the upper bound of the undesirable dynamics in (9). It is required that i.e., or (10) According to the VSC theory [16] , the relay term ( being the distance to the switching surface) is usually replaced by its continuous approximation . In the conventional fuzzy control with linear rule base [12] , is also the distance to the sliding surface (the diagonal line) on the 2-D rule base plane
. Similarly, will be the distance to the sliding surface on the th-order 2-D rule base plane in Fig. 5 . A small will lead to a small value of : • when , is on the sliding layer where the sliding surface locates and approaches its minimum value; • if enough labels are defined for input variables, a reasonably thin layer will be obtained for the sliding layer. Therefore, the term can be considered as the approximation of the relay [16] , [12] when
If the term is replaced approximately by the mentioned relay term, the minimum value of can be approximated as below (11) with given in [12] Thus the inequality (10) can be transformed as in (12), where only positive value of is considered to ensure to be positive (12) The criterion (12) becomes the sufficient stability condition for the hierarchical higher order FLC system defined in (4).
B. A Higher Order FLC in Distributed Structure
As an alternative to the hierarchical FLC that modifies the input database, the distributed structure may be proposed for the higher order FLC by updating the output database. The weakness of applying the fuzzy two-term control to the higher order process is mainly due to the excessive number of poles present in the system. If the excessive pole number can be reduced by a compensator, the system will become easier to control. Then the higher order FLC is actually the combination of a normal fuzzy two-term control and a compensator as shown in Fig. 6 . The th-order process requires an thorder compensator as shown in (13)
where is the derivative operator, and are constant coefficients. If fuzzy PI control is used, the output of the higher order FLC can be expressed as (14) where The distributed FLC is constructed as shown in Fig. 7 . It is apparent that:
• if there is one level ( or ), it is a fuzzy two-term control system; • if there are two levels , it is a fuzzy PID control system; • if there are levels it is an th-order fuzzy control system. Further development of (14) will result in the expression in (15) or (16) (15) (16) where the switching function can be expressed as (17) with It is apparent that the original switching function is constructed directly through the linear rule base as the lower order FLC in (1). As there is an integral control at the output of FLC, the integral term instead of is taken as the variable of interest. The switching function is of th order in this variable. If is defined as a first-order switching function for the process, then can be considered as the th-order switching function.
Similarly to the hierarchical structure in (5), the switching control appears in the distributed structure in (16) . Therefore, the distributed FLC in (16) can also be imagined as a nonlinear VSC at each layer on the th-order 2-D plane as shown in Fig. 5 . The sliding surface locates on the central layer with and each layer has the width . Different than in the hierarchical structure, this switching function is constructed indirectly via complex operation in (17) and has time-varying feature. The VSC theory [6] , [16] can also be applied to gain design with some approximations.
Necessary Condition for Stability
According to the theory of VSC [6] , [16] , the necessary condition for a stable VSC system is to have a switching surface , in which all the coefficients are positive, i.e., and .
Sufficient Condition for Stability
Consider a general th-order process in (6) . The higher order FLC in (15) is used to control this process. A Lyapunov function for this system is chosen as with the sufficient stability condition given in (7). The derivative of (17) becomes where (18) and is assumed as the upper bound of the undesirable dynamics in (18) . To satisfy the stability criterion (7), it is required that i.e., or Similarly, as the derivation for the hierarchical FLC, when , it is on the sliding layer where the relay term disappears and the control reaches the minimum. If enough labels are defined for input variables, a reasonably thin layer will be obtained. Thus the term can be considered as the approximation of the relay and the following approximation exists when :
If the initial gain satisfies the criterion (19) , the stability condition in (7) can be maintained (19) The criterion (19) is the sufficient stability condition for the distributed higher order FLC system defined in (14) or (15) .
C. Structure Comparison and Gains Design 1) Structure Comparison:
The main difference between these two structures comes from the gain configuration, in particular, 1) the location of applying the switching action; 2) the presence or absence of the integral action.
Hierarchical structure: The application of switching appears before the fuzzy inference operation. There is no integral action in the control loop. Thus the hierarchical structure has the following features:
• The switching control is achieved in a direct way.
• The transient response may be slow, and stability is easy to maintain, mainly because the switching control is bounded by the rule base.
• The steady-state error may arise owing to the absence of the integral action. Distributed structure: The application of switching appears after the fuzzy inference operation. There is an integral action in the control loop. Thus the distributed structure has the following features.
• The switching control is achieved in an indirect way, i.e., via complex calculations, which introduce strong nonlinearity. The complexity of the upper bound often makes the gain calculation difficult.
• Since the saturation effect of the rule base does not limit the switching control, the control may give faster transient response and it becomes more flexible to handle undesirable dynamics. On the other hand, it may be more difficult to maintain stability as the control is not bounded by the rule base as shown in Fig. 15 .
• The steady-state error tends to be reduced due to the presence of the integral action. In general, the hierarchical structure should have more VSC features and behave more like the conventional VSC system, while the distributed structure may behave more like the statevariable control system.
2) Nominal Gains Design: Both the hierarchical and the distributed structures have three different types of gains whose nominal values can be designed in a similar way. a) Input scaling gain: Both structures have the same input scaling gain or . This gain adjustment is not very critical as it has no direct influence on the system stability. The nominal value can be chosen as unity to avoid too much saturation and provide a reasonably fine control resolution.
b) Coefficient of the switching surface: The coefficients of the switching surface are input gain ratios for the hierarchical FLC, and input gain ratio and output gain ratios for the distributed FLC. The choice of these parameters is critical to the system stability and performance. Positive values are necessary but not sufficient for stability. There is still no easy way to design these coefficients individually. Practically, their nominal values can be determined by minimizing the upper uncertainty bound given in (9) or (18), respectively, which may require some knowledge about the process. A convenient way is to set for the hierarchical and for the distributed structure. However, this simple way may not be able to provide satisfactory performance for some complex processes.
c) Output gain: The output gain adjustment is more critical to the system stability and performance. Though there is no general way to obtain the optimal gain, however, the stability condition given in (12) or (19) can provide some useful guideline for determining the nominal gain.
• Similar to the classical VSC, the criterion (12) or (19) only provide a lower bound for the gain , partially due to approximations in the derivation. This lower bound can guarantee the system stability, and offer a reasonably good performance.
• The upper bound for the gain is still unknown and usually determined through a process of trial and error. Too large will result in extra large chattering and may deteriorate the performance. In this sense, FLC has dual features between VSC and classical state variable control.
3) Fine Tuning: If the nominal gains designed above does not provide a satisfactory performance, then better values have to be obtained through a trial-and-error process, which starts from the nominal value instead of from scratch. In general, there is no systematic approach for fine tuning of each scaling gain. However, some guideline can still be designed to assist the fine tuning. a) Output gain: Since a proper choice of the parameters and will generate a good switching surface, which can speed up the convergence and reduce the uncertainties for the switching control. The output gain tuning should be carried out last after the better switching surface has been established.
b) Parameters and for the switching surface: One of the practical methods is to tune them one by one in sequence: the more important first and the least important last. The procedure for tuning the parameter is shown in Fig. 8 and includes the following. 1) Set all the parameters equal , and tune until better performance is achieved via a trial-and-error process. 2) Freeze the first parameter , set the rest equal, , and tune for better performance via a trial-and-error process.
3) Freeze the second parameter , repeat these steps until the last parameter is tuned. This tuning strategy is based on the concept that the coefficient of the lower order derivative has more influence on the system performance than that of the higher order derivative. The procedure can also be applied to tune the parameter . However, experience is still required to determine which set of parameters or should be tuned first.
4) Upper Bound of the Uncertainty
: From the above design, it is seen that the expected level of undesirable dynamics defined in (9) or (18) critically affects to the system stability and performance. Since a smaller upper bound results in a smaller , it is better to obtain the scaling gains ( and ) by minimizing the undesirable dynamics defined in (9) for the hierarchical FLC, or (18) for distributed structure. However, it is difficult to estimate the upper bound of the undesirable dynamics, due to the complexity of the dynamics. If the process is stable, the undesirable dynamics will be stable. The steady-state value of can be easily calculated through the process measurement, as the derivatives of the process output go to zero. Then, the upper bound of could be approximated by its worst peak value in the steadystate period with any margin included as desired. Despite the approximation, reasonable performance can still be obtained as shown in the later simulation. However, if the process is unsteady or oscillating, will also be unsteady or oscillating. It will then be very hard to estimate the peak value of .
IV. FLC FOR TIME-DELAY PROCESS
For the time-delay process, the observed information comes later than desired for taking the control action. The delayed information from the process when used directly gives the wrong information to the rule base, and hence the wrong control to the process. The phase-plane method has been proposed as a means to incorporate the delay information into the rule base [11] for a thermal process. However, this method may not be accurate enough and requires a finer rule base. If there are too few rules, it is hard to provide proper compensation.
Another way to compensate for the delay effect is to redesign the database. In practice, some information of the delay time of the process may already exist because it can be measured more or less. As the major effects of modifying the rules can be achieved by scaling gains adjustment, it may be possible to take into account the delay information when adjusting the scaling gains instead of the rules. The time-delay process has a delay factor with as the delay time. One way to compensate for the time-delay effect is to add the delay compensation factor in the control loop. The delay compensation factor can be expressed as (20) with and the approximation error This delay compensation factor can be merged with the integral-type fuzzy system in a distributed structure similarly as in Fig. 7 . It is apparent that FLC for time-delay systems is actually a kind of higher order FLC. When the delay is reasonably small, the delay compensation factor (20) can be approximated as a first-order polynomial for easier implementation.
When the fuzzy PI controller employs a first-order delay compensation 's, it becomes a fuzzy PID controller in structure. Practically, the exact delay information would be difficult to obtain for a full compensation. Assuming that the delay time is and the compensation time is , the overall control system gives an equivalent PID effect only when as shown in Fig. 9 . When the system is overcompensated, the equivalent PID effect will improve performance. On the other hand, undercompensation will leave some delay uncompensated, which will definitely deteriorate performance. In conclusion, overcompensation would be better than undercompensation in terms of the equivalent PID effect on the overall control system.
V. SIMULATION
The aim of the simulation is to test the effectiveness of the proposed higher order structures for a higher order process, and for a time-delay process as well. The quantitative criteria for measuring the performance are chosen as integral of absolute error (IAE) and integral of time absolute error (ITAE) defined in (21) and (22). IAE accounts mainly for error at the beginning of the response and to a lesser degree for the steadystate duration. ITAE keeps account of errors at the beginning but also emphasizes the steady state
The numerical integration method used is the fourth-order Runge-Kutta method. The integration interval is chosen as 0.01 s. The simulation duration is 30 s. A linear 2-D rule base is chosen with seven triangular MF's [12] for each input and output variable. All MF's are equally spread. Both the input and output are normalized into , so that .
A. Higher Order Process
The process chosen for the study is a fourth-order plant (23) with as either a constant disturbance or a periodic disturbance for for with the desired reference signal being unity. The process can be expressed in the format of (6) with the process gain , and the undesirable dynamics
The process is stable with a constant disturbance and its the steady-state output in the open loop can be easily calculated as . The process is oscillating with a periodic disturbance and the measured output variation in the open loop roughly in the range of .
1) Nominal Design of the Hierarchical FLC:
The switching function determines the required order of FLC. As the process is fourth-order , a third-order switching function is needed. For simplicity, we set . From (3) As is constant, its derivatives are zeros. From (9), we have (25) Case 1. Constant disturbance : When the process is stable, all the derivatives of go to zero. The process output should approach the desired input if the closed-loop control system is stable. Since the steady-state value of the constant disturbance is , then the upper bound of can be approximated by its peak value in the steady-state period, which is calculated as According to (12) , the initial output gain is calculated as . Apart from providing a suitable switching surface, the input gain ratio can also be designed to reduce the transient value of . For convenience, can be chosen to eliminate the influence of the first derivative of in (25), i.e.,
. Then the nominal gains can be determined the input scaling gain: the input gain ratio: the output scaling gain:
Case 2. Periodic disturbance : Since the process is oscillating for the periodic disturbance , it is difficult to estimate the upper bound of due to its oscillation. For simplicity, the same nominal gains are also chosen as for Case 1.
2) Nominal Design of the Distributed FLC:
Since the process is fourth-order , the compensator should be third-order according to (13) The switching function should be fourth-order relative to the variable according to (17) According to (18) , the undesirable dynamics is Case 1. Constant disturbance : When the closed-loop system is stable, the process output is forced to approach the desired input , resulting in according to the analysis in [12] . Then the following approximations may exist:
As is constant, its derivatives are zeros. Then the undesirable dynamics can be approximated as
Similarly as in Case 1 of the hierarchical FLC, the peak value of in the steady-state period can be further reduced from (26) to (27) where it is assumed that , in the example. The nominal output gain can be calculated from (19) as . On the other hand, letting , in (26) becomes
The derivatives of will have influence on the transient value of . The parameters and can be chosen to eliminate the influence of the significant derivative terms. It is reasonable to assume that the low-order derivatives have more influence than the high-order derivatives. One can choose to eliminate the term. Then is calculated to eliminate the term. Thus the nominal gains can be chosen as follows: the input gain: the input gain ratio: the output gain ratio: the output gain:
The peak value of in the steady-state period (27) is proportional to the gain . Since a smaller steady-state value of will help FLC to achieve good steady-state performance, a smaller should be selected. This could become one of the guidelines for the optimal tuning.
Case 2. Periodic disturbance : Similarly to the hierarchical FLC, since the process is oscillating for the periodic disturbance , it is difficult to estimate the upper bound of due to its oscillation. For simplicity, the nominal gains are also chosen as those in Case 1.
3) Performance Analysis The simulation performance for the hierarchical and the distributed FLC system are summarized in Tables I and II Tables I and II . The simulation shows a stable and reasonable performance for the nominal gains. The integral action in the distributed structure is able to suppress the disturbance and eliminate the steady-state error. In the hierarchical FLC, the nominal performance is actually quite good when there is no disturbance. The disturbance causes a steady-state error because of no integral action. A large output gain and proper choice of the switching function will definitely reduce the steady-state error.
To show the necessity and effectiveness of the proposed structure for the higher order process, the comparative simulation for the conventional FLC under the same nominal gains are demonstrated in Fig. 12 . The conventional FLC's even fail to stabilize the process with constant disturbance. No matter how you tune their scaling gains, the performance is still awful. The incapability of the conventional fuzzy PD/PI controller to the higher order process comes from the order mismatch between the process and the controller. Further tuning of the proposed higher order FLC can result in a much better performance. For the hierarchical FLC, the tuning sequence is ; while for the distributed FLC the tuning sequence is . The fine tuning procedure for is carried out according to the methodology shown in Fig. 8 . The fine-tuned performance are shown in Figs. 13  and 14 and Tables I and II , which include the results for the nominal (initial) case, the trial case(s), and the fine-tuned case.
In this simulation, the control output saturation is not taken into account. As the switching control of the hierarchical FLC is already bounded by the rule base, its transient response is slower than that of the distributed FLC as shown in Fig. 15 . In the practical application, their transient responses should be similar due to the physical power limitation.
A similar phenomenon occurs in terms of their undesirable dynamics , which are simulated in Figs. 16 and 17 for both constant and periodic disturbances. These simulation results confirm that it is reasonable to approximate the upper bound of the undesirable dynamics by its peak value in the steady-state period. Since the switching control in the hierarchical FLC is bounded by the rule base, the peak value in the steady-state period is not far from the maximum value over the whole operation period. In the distributed FLC, however, the unbounded switching control causes larger at the beginning of the simulation (see Fig. 17 ). Even so, the proposed approximation is useful. If the practical power saturation is considered, of the distributed FLC will be bounded. The proposed approximation would then be more correct and nominal gains obtained would be closer to the optimal ones.
Since the output surface of the rule base is not smooth, the derivative action in the distributed FLC may cause small spikes on control signal (Fig. 15) and (Figs. 16 and 17) of the distributed structure. Though some extra filters could be used to remove these spikes, these derivative actions could limit the application of the distributed structure to the process with very high order. The performance of the fuzzy PI control without delay compensation tested for different time delays is summarized in Table III . A fuzzy PI with a first-order time-delay compensation is constructed according to Fig. 9 . Satisfactory performance is achieved when the delay time is fully known and compensated as shown in Table IV . The comparison of the compensated and uncompensated cases is shown in Fig. 18 . If the plant has a varying delay ( 0-0.2 s in the example) that cannot be well measured on-line, the approximate delay information has to be used for the delay compensation. The estimated time delay 0.1 s (the mean value of the actual delay variation) is used for the rest of the simulation in this paper. The partially known delay compensation in Table V and Fig. 19 confirm that undercompensation (see solid line) will deteriorate performance and overcompensation (see dotted line) will improve performance. The robustness of the distributed structure to delay variations is further demonstrated in the simulation of the plant with varying delay in Fig. 20 . The time delay starts at , and changes to and then to , respectively, at the simulation time of 10 and 110 s. The fuzzy PI with the proposed compensation can achieve quite robust performance in comparison with the uncompensated fuzzy PI.
B. Time-Delay Process

VI. CONCLUSION
For effective control of higher order systems, FLC normally requires a high-dimensional rule base, which is difficult to build. The higher order FLC presented in this paper only requires a normal 2-D rule base with the higher order feature built into the database. The meaning of the low-dimensional rule base is clear and understandable by a human being. Two different gain structures are proposed to deal with the higher order feature of the process. One is the hierarchical structure that is constructed via the VSC theory; another is the distributed structure that originates from the concept of the pole-zero compensation. Both structures can be designed and analyzed using the VSC theory. The complexity of the structure depends on the order of the process.
The necessary and sufficient stability conditions provided by the VSC theory can determine the nominal values of the scaling gains. The nominal scaling gains designed in this way can generally guarantee stability and provide reasonably good performance. Better performance can then be achieved through minor adjustment from the nominal values instead of from scratch. The difficulty in this approach is to find the upper bound of the undesirable dynamics of the process for the nominal gain design. Due to the complex nature of the dynamics, further approximation is proposed for the stable process using the peak value of in the steady-state period instead of the real upper bound for the nominal gain design.
The simulation results of the undesirable dynamics confirm the simplicity and the acceptability of this approximation. However, the proper way to estimate the upper bound for oscillatory processes would require further investigation. The paper does not deal with the effect of noise introduced through the measurement and the subsequent differentiation stages in the implementation. This is a common problem in high-order and time-delay system compensation. The actual system response will become slower if some form of filtering is introduced in practice.
Because of the high-order nature of the time-delay process, the proposed higher order structure can also be used for the delay compensation when the delay information is known. The structure configuration depends on the approximation of the delay compensation factor. A first-order approximation is often accurate enough when the delay is not very long. If the delay time is partially known, this approximate information may lead to either overcompensation or undercompensation. Overcompensation seems better than undercompensation because the uncompensated delay still deteriorates performance but the overcompensated case improves performance through its equivalent PID effect.
The simulation confirms the theoretical analysis, and shows that the proposed structure is attractive to the control of both higher order processes and time-delay processes.
